Introduction
Reports on facial growth proceeding in spurts are no recent occurrence (1) . Akin to Scammon's observations of periods of rapid and slow absolute increments in stature (2) , as early as 1935 Hellman observed continuous but not uniform growth of the face, with sexual differences in time, extent, and velocity (3) .
Since then, numerous radiographic investigations have established that the growth rate at the mandibular condyle, the prime growth site of the mandible, follows a pattern similar to statural growth (4) (5) (6) (7) (8) (9) . While mandibular peak height velocity during pubertal growth spurt can easily be discerned, its association to skeletal maturity remains somewhat unclear. A series of studies demonstrate a close relationship between facial and, more specifically, mandibular peak height velocity with skeletal maturity derived from the hand and wrist (7, 8, (10) (11) (12) (13) (14) , and delayed or accelerated skeletal maturity is often accompanied by comparable deceleration or acceleration in facial growth (15, 16) .
Some have argued, however, that velocity maxima in face and stature do not occur synchronously. According to one opinion, the time of maximum growth spurt in the face occurs a little after the growth spurt in body height (17) (18) (19) . Yet others failed to find any significant associations between skeletal maturity and mandibular growth during adolescence (20) (21) (22) . In an attempt to clarify the relationship between mandibular pubertal growth and skeletal maturity, this explorative investigation aimed to re-examine the timing of mandibular peak height velocity in relation to skeletal age, based on historical data of two independent and large growth studies.
Subjects and methods
The data were drawn from two craniofacial growth studies of healthy and non-syndromal children of Caucasian origin. The University of Oklahoma Denver Growth Study (Denver Growth Study), initiated in 1927, comprises longitudinal records of 158 females and 155 males. The University of Zurich Craniofacial Growth Study (Zurich Growth Study), conducted between 1981 and 1984, consists of semi-longitudinal records of 605 females and 667 males. None of the recruited individuals were ever exposed to any type of orthodontic treatment or extraction of permanent teeth prior or during the observational time. The socio-economic background of the individuals was reportedly stable and in general slightly above average for both growth studies.
All subjects with dated serial hand-wrist-radiography (HWR) and cephalograms (CEPH) aged 10 years and above for girls, and 11 years and above for boys, were included in the present investigation. Individuals were excluded solely based on missing radiographs. The Denver Growth Study contains data of 207 children with serial HWR. The assessed intersecting subset consists of 49 children of whom serial HWR and serial CEPH were available. The Zurich Growth Study includes data of 346 children with both serial HWR and serial CEPH, and this entire subset was considered. Not all individuals had the same amount of serial radiographs: The radiologic material assessed for incremental changes comprised for the Denver Growth Study 240 HWR and 298 CEPH, and for the Zurich Growth Study 692 HWR and 692 CEPH (Table 1) . Legal approval for releasing the data was obtained from the Federal Commission of Experts for Professional Secrecy in Medical Research, and care was taken to comply to STROBE guidelines.
The inventory of each growth study consists of serial records taken with the same cephalostat adhering to a consistent focus-to-coronal plane distance. The magnification factor of the cephalostats differed slightly between both inventories (Denver Growth Study: 8.0%, Zurich Growth Study: 7.5%). All lateral cephalograms were produced with the head stabilized by ear rods and teeth in centric occlusion. The cephalograms were traced with the following mandibular landmarks: Condylion (Co), defined as the most posterior-superior point of the mandibular condyle, Articulare (Ar) as the point of intersection of the dorsal contours of the processus articularis mandibulae and os temporale, and Pogonion (Pg) as the most anterior point of the symphysis of the mandible with the head viewed in Frankfort relation (Figure 1 ). The tracings were digitized using a tablet digitizer with a resolution of 1 milli-inch (AccuGrid, Numonics, Landsdale, PA) to obtain mandibular measures (Ar-Pg and Co-Pg). Hand-wrist radiographs were taken in a standardized fashion with a uniform distance and a 30° angulation of the thumb. Skeletal age was determined by the method of Greulich and Pyle (23) . Five investigators shared the workload of the cephalometric tracing and the skeletal age assessment equally. Thirtysix randomly selected radiographs were assessed a second time at least two months later, to determine intra-and interobserver reliability.
Statistical analysis
All statistical evaluations, including the verification of distributional assumptions, and graphic outputs were performed with R (24) . In order to determine intra-and interobserver reliability, an intraclass correlation coefficient (ICC) for absolute agreement based on a one-way random effects analysis of variance (ANOVA) was computed (25) .
Mandibular growth velocity was defined as the incremental change in mandibular length over the observed time established by two consecutive records. For every individual, mandibular growth velocity was related to skeletal age, and a cubic smoothing spline (26) was fitted to determine the typical skeletal age at the mandibular pubertal growth spurt (i.e. skeletal age at the peak of the smoothing spline, see Figure 2 ). Respecting sexual dimorphism, each dataset (Denver Growth Study, Zurich Growth Study) was grouped by gender, bootstrap resampled 99 times, and their respective smoothing splines were used to assess the variability of the estimated mandibular growth spurt (27, 28) . The smoothing parameter of the splines was automatically determined by cross validation for each of the resampled fits (26) and was, owing to low variability, consistently set to 0.9 for the Zurich Growth Study data and to 0.8 for the Denver Growth Study data (i.e. the respective medians of the smoothing parameter estimates).
In contrast to the Zurich Growth Study dataset, the Denver Growth Study dataset consists of longitudinally dependent observations; thus, they were randomly subsampled (i.e. one data-point per subject), to produce longitudinally independent datasets prior to the fitting of smoothing splines (see Supplementary Figure 2 -1 online only). Moreover, in the Denver Growth Study dataset, HWR for skeletal age were not taken at the exact same time as CEPH for the mandibular distances, but the respective skeletal age points in time could be estimated with great accuracy by linear interpolation (R 2 > 0.95 for all subjects, see Figure 3 ).
Results
Satisfactory reproducibility for both cephalometric measurements was attested with an intraclass correlation coefficient (ICC) of 0.985 (95% CI: 0.970-0.992) for intra-observer repeatability and 0.979 (95% CI: 0.959-0.989) for inter-observer repeatability for Condylion-based measurements, and 0.992 (95% CI: 0.984-0.996) for intra-observer repeatability and 0.973 (95% CI: 0.949-0.986) for inter-observer repeatability for Articulare-related measurements. The ICC of hand-wrist radiography assessment was similarly high with 0.993 (95% CI, 0.986-0.996) for intra-observer repeatability and 0.986 (95% CI: 0.973-0.993) for inter-observer repeatability. Ceph: cephalogram, HWR: Hand-Wrist Radiography.
The estimated PHV for mandibular growth spurt in relation to skeletal age are given in Figure 4 and Table 2 ). Peak height velocity of mandibular growth occurred generally at a more advanced skeletal age in subjects of the Denver Growth Study than in subjects of the Zurich Growth Study. Sexual dimorphism in mandibular growth spurt was apparent in both growth studies. However, as a result of the dissimilar extent of shift towards earlier mandibular maturity, the recorded time gap between peak height velocity in females and males was manifestly smaller in subjects of the Zurich Growth Study than in subjects of the Denver Growth Study.
Discussion
Skeletal age assessment provides an important diagnostic window into bone metabolism, which is of relevance for orthodontic therapy. Timing dentofacial orthopaedics to coincide with mandibular growth spurt is viewed to increase the effectiveness of therapy (29) (30) (31) . As outlined in the introduction, controversy exists concerning the relationship between skeletal maturation and facial growth in general, and mandibular growth in particular. Essentially, the objective of this study was to revisit the association between mandibular growth spurt and skeletal age, based on two distinct growth study cohorts. By using smoothing spline functions to estimate pubertal Figure 3 . In the Denver Growth Study, skeletal age for mandibular measures was determined by linear interpolation of HWR data points with respect to chronological age. Representative linear interpolation of one subject based on 8 HWR data points. R 2 was >0.95 for all subjects. growth spurt, a well-established methodology was adopted (32) . Since it is known that the mandible is subject to some remodelling and that length measurements may not solely reflect growth, this investigation was based on two of the most commonly used mandibular distances (Ar-Pg and Co-PG) and their growth velocities. Exploring mandibular growth on the basis of two independent mandibular landmarks consequently allowed clarifying that the inherent limitations associated with either landmark do apparently not affect the overall results.
Zurich Growth Study -Mandibular growth velocity

Linear interpolation for the Denver Growth Study
The results concur with the existing evidence base that mandibular peak height velocity (PHV) occurs at around 12 years of age in girls and 14 years of age in boys (8, 9) Although this gender-related difference was clearly visible in both growth studies, some differences were noticeable between the two cohorts.
The results presented imply that the timing of pubertal growth in the hand and in the mandible have not evolved equally over the last few decades. Based on the observations, it seems that mandibular PHV occurred slightly earlier in subjects of the Zurich Growth Study than in those of the Denver Growth Study. Since the data were not plotted against chronological age, but against skeletal age, one could rightly have assumed that no shift should be apparent. As skeletal age in the hand and wrist itself is subject to a secular trend towards earlier puberty (33) (34) (35) (36) , the advanced mandibular PHV demonstrates that this shift is even more accentuated for the lower face than for the hand and wrist.
A secular trend towards earlier maturation has been attributed to the removal of growth constraints through improved nutrition, healthcare and socio-economic environments (36, 37) . Mandibular growth apparently proves to be more responsive to environmental changes than growth at the upper extremities. Some inherent differences, hitherto not discussed in the literature, might be responsible for this difference in reaction.
Skeletal maturity assessment of the hand and wrist is based on an appraisal of the calcifying processes in bone. Irrespective of the appraisal method chosen, every evaluated bone of the hand and wrist matures through endochondral ossification of the primordial skeleton. The viscero-cranium, including the mandible, is however of desmal origin and not part of the primordial skeleton. Although nearly the entire mid-face develops by way of intramembranous ossification, the development of the mandibular condyle is exceptional, since mesenchymal cells differentiate in chondrocytes to produce bone, a process that has been labelled as secondary endochondral ossification in desmal bone. This secondary cartilage at the mandibular condyle, an important contributor to the growth of the mandible, is structurally distinct from the limb bone plate (38) and appears to be mainly adaptive (39). Human growth is controlled by genes and mediated by environment (36) . Recent advances have shown that the genetic control of mandibular development differs from that in the limbs (39, 40) , not only affecting the morphogenesis of the mandibular condyle so that it occurs in a different manner than the limbs, but also causing distinctive phenotype reactions to environmental factors. Phenotype alterations in the mandibular condyle as a reaction to lack of movement, reduced loading, or placement in a non-functional environment are well documented (39) .
Expanding on the evidence that mandibular bone growth differs from classic endochondral ossification in its developmental origin, histology, and genetic control, it could be argued that these differences may trigger a different response to environmental changes on a population level as well. Notably, the condyle's particularly adaptive responsiveness to environmental influences seen on an individual level might very well be mirrored in an accentuated secular shift.
Some obvious limitations need to be addressed. The analysis of mixed historical data is intimately linked to serious variation in sampling and measurement techniques, and could thus be prone to confounding and bias. Although the comparatively small number of subjects in the Denver Growth Study led to a large variability in the estimated PHV, the sample size in combination with the bootstrap resampling appears to be adequate to generate conclusive results of clinical relevance.
Moreover, some concern may be raised on the relatively short time interval given between the two growth studies and the small shifts (of a few months) observed between the cohorts. Yet comparable intervals are being used and similar shifts are being described in other investigations on secular trend in puberty (33, (41) (42) (43) . Thus, given the short interval between the cohorts, the witnessed trend is remarkable, but not exceptional.
In view of the fact that the observed shifts are clear and distinct, it would have been tempting to perform significance testing, yet the choice was made to refrain from a hypothesis-driven approach and to remain entirely observational. The discovery of a more precocious mandibular PHV in the more recent cohort does not necessitate further statistics.
Lastly, no observational study is able to offer irrefutable proof of associations. Exploring the biological background, the discussion however presents valid arguments why it seems permissible to believe that the shift is based on a secular trend. At the very least, the presented results reveal that investigations based on different cohorts may produce different times of mandibular peak height velocity, and hence offer a valid argument to resolve the above-mentioned controversy on the relationship between mandibular growth spurt and skeletal maturity. The clinical implication thereof is the evident recommendation that dentofacial orthopaedists should not rely on a skeletal age assessment based on hand and wrist radiography in order to ascertain the mandibular growth spurt.
In response to on the likely perception that this investigation would not offer results of clinical relevance, it must be emphasized that research on secular trend commonly portrays subtle changes over longer periods of time. Hence, this genre of research hardly ever provides results of immediate consequences, but its clinical relevance lies in shaping our understanding of growth. In particular, the presented results should increase the clinician's awareness that noticeable biological changes do occur, even within a few decades, and orthodontists might be facing cohorts of different biological background over the timespan of their professional career.
Conclusion
In an attempt to clarify the relationship between mandibular pubertal growth spurt and skeletal maturation, this investigation identified differences between the two growth studies assessed which are suggestive of a secular trend towards an earlier maturation of the mandible. Plotting mandibular peak height velocity against skeletal age and not against chronological age enabled to demonstrate both the presence of a secular trend and its acceleration when compared to somatic growth. The latter evidently implies that the secular trend is more accentuated in the mandible than the upper limbs. Future research efforts should therefore seek to enrich our understanding why different parts of the skeleton differ in their response to environmental changes.
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